Abstract-Compact size microstrip low-pass filters with sharp cutoff characteristics, narrow passband, low insertion loss, high attenuation in stopband and low cost are highly required in modern wireless communication systems. They are used to suppress the unwanted harmonics and noise caused by Radio Frequency (RF) front ends. In this paper a new design for compact microstrip LPF is proposed. It is based on utilization of Stepped Impedance Resonators (SIR), Defected Microstrip Structure (DMS), Dumbbell-shaped Defected Ground Structure (DB-DGS), and surface mount capacitor. The filter is realized on an F4B-2 substrate with ε r = 2.65, thickness h = 0.5 mm and loss tangentδ = 0.0013. The design is carried out using CST-Microwave Studio software. The equivalent circuit of the filter is analyzed and presented using ADS2006A software. The filter exhibits sharp cutoff frequency f c = 1.7654 GHz, wide stopband from 1.7654 GHz to 7 GHz with |S 21 | less than −10 dB, insertion loss less than 0.15 dB in passband and reduced size compared to the traditional LPF.
INTRODUCTION
There is growing interest in microstrip low-pass filters to equilibrate the stringent requirements of modern wireless communication systems such as compact size, high performances, high selectivity and simplicity using microstrip technology [1] . In recent years, several studies have focused on the design of microstrip low-pass filters and how to enhance their characteristics. Stepped Impedance Hairpin Resonators (SIHRs) for LPF size minimization have been investigated in [2] , but this technique suffers from high insertion loss and poor selectivity. A novel microstrip low-pass filter using stepped impedance open stubs is introduced in [3] . Stepped impedance open stubs are used to provide instant transmission zeros at the resonance frequency. However, for smaller transmission zeros, the lengths of the open stubs become very long, which indeed increases the filter size. Defected Ground Structure (DGS) which acts as modification for Photonic Band Gap (PBG) for the design of compact size filters has been introduced in [3] and [4] . Any modification in shapes or dimensions of DGS makes significant changes in the filter characteristics through constituting different currant distribution paths in the ground plane. Also, changes in DGS shape mainly change the values of the equivalent lumped elements circuit model of the filter. Compact size LPFs with enhanced passband performance and sharp transition characteristics using new Defected Ground Structures were introduced in [5] [6] [7] [8] [9] . On the other hand, Defected Microstrip Structure (DMS) provides wide and deep stopband characteristics. In [10, 11] , combinations of DGS and DMS are used to implement compact LPFs with wide stopband characteristics. A new design for LPF using tri-section stepped impedance resonator (SIR) was introduced in [12] . The SIR is folded to achieve miniaturization of the filter size. However, this structure suffers from high attenuation in the passband region and a relatively wide stopband. A compact microstrip LPF using a bulb-shaped semicircular capacitive patch in combination with magnetically coupled high impedance lines was introduced in [13] . The high impedance lines provide an attenuation pole near −3 dB cutoff point of the filter which results in sharp cutoff and wide stopband characteristics.
In this paper, a compact LPF using SIR, DB-DGS, and DMS is proposed. The combination of DB-DGS and DMS has been widely investigated to get better performance characteristics among all the deigns of conventional filters. A surface mount capacitor is implemented in the design to increase the selectivity and sharpness characteristics of the filter as it significantly lowers the cutoff frequency. Based on the aforementioned design principles, the proposed LPF is simulated, fabricated, and measured on occupied area of size (20 × 16 mm 2 ).
PROPOSED LPF FILTER DESIGN
In this section, a new design for compact size and low cutoff frequency third order butterworth LPF is introduced. SIR, DMS, DGS, and surface mount capacitor are utilized to obtain the desired LPF characteristics. A third order SIR is used to verify the third order butterworth LPF. The SIR is implemented by a cascaded structure of high and low impedance transmission lines. Two filters' designs are introduced with and without using surface mount capacitor. The design is performed using CST microwave studio software package. The equivalent circuit of the filter is verified using ADS2006A software.
Filter Design without Using Surface Mount Capacitor
In this section, the design of the 3rd order filter without using surface mount capacitor is introduced. Fig. 1 shows the front and back views of the proposed filter. The filter design depends on SIR-LPF, DGS, and DMS techniques. Stepped impedance resonator is implemented by a cascaded structure of high and low impedance transmission lines. The inductors are presented as high impedance lines and the shunt capacitors presented as low impedance lines [1] . The optimal dimensions of the filter are listed in Table 1 . Any change in SIR dimensions (W 6 , W 7 , W 8 , L 7 , and L 8 ) will change the currant distribution paths in the design which consequently alters the values of effective capacitance and inductance of the SIR. As a result, the stopband width and passband attenuation can be easily controlled. On the other hand, the change of the gap width (G) controls the sharpness characteristics of the filter. To improve the insertion loss of the filter, T-shaped DMSs are made in both arms of LPF as shown in Fig. 1(a) . The DMS acts as a resonator because the defection pattern destroys the microstrip transmission mode and modifies the currant and electromagnetic field distribution. The structure of the T-shaped DMS is 
constructed by vertical and horizontal thin slots which act as capacitance and inductance consequently. The T-shaped DMS design has a neck dimension of (
as shown in Fig. 1 . The effective capacitance increases as W 2 and W 3 increase, while the effective inductance decreases as W 2 and W 3 increase. The microstrip technology with defected ground structure is proposed to enhance the performance of the filter in the stopband. DGS is realized by etching simple defected shapes in the ground plane. The different defected shapes alter the currant distribution paths in the ground plane. This disturbance can vary characteristics of the filter to a better performance. Any microstrip distributed defect (slot) in the ground plane is equivalent to a resistance, effective inductance, and effective capacitance [4] . Among all different DGS shapes, a dumbbell-shaped defected ground structure (DB-DGS) shown in Fig. 1(b) is proposed to achieve compact size and wide stopband. The current path is increased according to rectangular sections of the dumbbell DGS. Table 2 lists the dimensions of the DB-DGS in the ground plane, which is located at distance X = 3.2 mm from the filter structure edge. Increasing the dimensions of y 2 and y 1 can increase the effective capacitance, but decreasing the dimensions of x 2 and x 1 can increase the effective inductance. Also the change of distance X affects the attenuation in the stopband. The simulated scattering parameters of the filter without surface mount capacitor are shown in Fig. 2 . It is clear that the filter has high insertion loss in passband, no sharp transition, and low stopband attenuation. In addition, the filter has high cutoff frequency f c = 3.3138 GHz. 0.8
The L-C equivalent circuit of the DB-DGS is shown in Fig. 3 [8] . The DB-DGS lumped elements values derived from ADS software are c 4 = c 5 = 0.35 PF and l 4 = l 5 = 1.55 nH. Using this DB-DGS equivalent circuit, the L-C equivalent circuit of the filter will be as shown in Fig. 4 . According to butterworth lowpass prototype filter [1, 8] , the lumped elements values using a transmission line of characteristic impedance Z 0 = 50 Ω are l 1 = 3.836 nH, l 2 = 9.77 nH, l 3 = 9.283 nH, c 1 = 3.09 PF, c 2 = 3.09 PF, and c 3 = 1.096 PF. Fig. 5 shows scattering parameters of the filter without surface mount capacitor using ADS simulator, which are very close to the scattering parameters derived from CST Microwave Studio shown in Fig. 2 . 
Filter Design Using Surface Mount Capacitor
To enhance the previous filter characteristics, a surface mount capacitor is added to the design as shown in Fig. 6 . The surface mount capacitor is located on the surface of the SIR filter design at the middle of L 5 dimension. Adding a surface mount capacitor of (1.0 PF) increases the effective capacitance of the filter and enhances characteristics of the filter. The simulated scattering parameters of the filter are shown in Fig. 7 . The filter cutoff frequency is greatly reduced to f c = 1.7654 GHz instead of f c = 3.3138 GHz. The reduction in cutoff frequency results in a narrow passband and wide stopband. Fig. 8 shows the equivalent lumped elements circuit model after adding the surface mount capacitor of (1.0 PF) to c 2 . The equivalent capacitance is increased to c 2 = 4.09 PF. Fig. 9 shows scattering parameters of the proposed filter with surface mount capacitor using ADS simulator, which are very close to the scattering parameters derived from CST Microwave Studio shown in Fig. 7 . The proposed low-pass filter with surface mount capacitor is a modification for the LPF filter presented in [2] where T-shaped DMS, simple DB-DGS, and embedded surface mount capacitor are added to the proposed design. These modifications lead to a better performance than the filter introduced in [2] . Fig. 10 illustrates a comparison between the simulated scattering parameters of the proposed filter and the filter introduced in [2] . Table 3 shows the numerical comparison between the two filters. The cutoff frequency of the proposed filter is lower than that of the filter introduced in [2] by 0.8696 GHz. That reduces the passband width and increases the noise and harmonics suppression capability of the filter. In addition, the size of the proposed filter is 36% less than that of the filter [2] . Furthermore, the proposed filter has very low insertion loss equal to 0.15 dB while the other filter has high insertion loss equal to 0.5 dB. It means that the proposed filter provides better passband characteristics than the LPF introduced in [2] . Additional comparisons between the proposed filter and previous related works are presented in Table 4 . It is clear that the proposed filter exhibits the lowest cutoff frequency and the smallest insertion loss. For the third order butterworth microstrip LPF design, the effective capacitance C and effective inductance L are given by Eq. (1) and Eq. (2), respectively [14] .
where f c is the 3 dB cutoff frequency, f 0 the resonant frequency of the attenuation pole, and Z 0 the characteristic impedance of the microstrip line. Using the equivalent circuit of the proposed filter shown in Fig. 8 , the effective capacitance and effective inductance deduced from ADS software are found to be C = 0.04163718 F and L = 0.1689111 H, respectively. From Eq. (2), the calculated resonance frequency equals f 0 = 1.881 GHz. Applying this result in Eq. (1), the calculated cutoff frequency equals f c = 1.79 GHz which is very close to the measurements using the Network Analyzer.
FABRICATION AND MEASUREMENT OF THE PROPOSED LPF
In this section, the fabrication and measurements of the proposed LPF are introduced. The filter is realized on an F4B-2 substrate with relative dielectric constant ε r = 2.65 and thickness h = 0.5 mm as shown in Fig. 11 . The scattering parameters of the fabricated filter are measured using Rohde & Schwarz ZVL20 Network Analyzer as shown in Fig. 12 . Fig. 13 shows a comparison between the simulated and measured scattering parameters for the proposed filter. The results reveal that the simulated and measured parameters highly coincide. 
CONCLUSION
In this paper, a new design for a compact microstrip LPF with low insertion loss is introduced. The filter is based on SIR, DMS, DGS, and surface mount capacitor techniques. The filter is fabricated on an F4B-2 substrate with relative dielectric constant ε r = 2.65, thickness h = 0.5 mm and loss tangentδ = 0.0013. The filter design is performed using CST-Microwave Studio software, and the filter equivalent circuit is derived using ADS2006A software. |S 11 | and |S 21 | parameters of the fabricated filter are measured using Rohde & Schwarz ZVL20 Network Analyzer. The filter exhibits sharp cutoff frequency which equals 1.7654 GHz and very low insertion loss about 0.15 dB. In addition, it has a compact size of 20×16 mm 2 ). The results reveal that the simulated and measured parameters are in very good agreement.
